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13.2 A fracture mechani cs based description of the 
pull-out behavior of headed studs embedded in 
concrete (Contribution by R. Eligehausen and 
G. Sawade) 
13.2.1 Introduction 
Headed studs embedded in a large concrete block sub-
jected to tension loading fail - provided the steel 
strength of the stud is high enough - by pulling a cone 
out of the concrete. The circumferential crack forming 
this cone is generated and growing in a so-called mixed 
mode. 
Several attempts have been made to understand this 
crack growth and to predict the pull-out load of headed 
studs. 
Stone/Carino /1/ and Krenchel/Shah /2/ tested headed 
anchors embedded 1n concrete. The test set-up was simi-
lar to the so-called LOK-test. In both investigations a 
stable growth of the circumferential crack was found. 
Ballarini et.al. /3/ describe the crack propagation in 
the concrete (using a two-dimensional model) by 
applying the criterion of a K1C-value at the tip of the 
crack. According to their investigations the crack 
growth is stable if the specimen is supported close to 
the anchor as in the LOK-test. This agrees with /1,2/. 
If the studs are anchored in a half space with a 
support far away from the point of loading crack propa-
gation is unstable. 
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On the contrary to /3/, in the experimental investiga-
tions with headed studs anchored in concrete /4/ stable 
propagation of the circumferential crack was found even 
in the case of a supPort relatively far away from the 
anchor. This result might be due to the fact that the 
bearing area of the head was relatively small so that 
approximately a trpointll- load was applied . Furthermore 
the test results might have been influenced by the 
fact that the test specimen was not axial symmetric. 
Therefore more pull-out tests with headed studs em-
bedded in large concrete blocks were performed. Strains 
1n the concrete in the anticipated area of the failure 
cone were measured using special strain gages. The test 
results were compared with analytical predictions of 
crack propagation and failure load. 
13 . 2.2 Ex perlmental Investigations 
Pull-out tests were performed with headed studs em-
bedded in large concrete blocks and loaded in tension. 
The embedment depth was hv • 130 - 520 mm (Fig. 1). The 
test specimen was a concrete slab with the dimensions 
length/width/ thickness • 4/2/0,6 m with structural 
surface reinforcement. This reinforcement had no signi-
ficant influence on the test results. Composition and 
characteristics of the concrete are given in table 1. 
In the tests, the displacement of the headed studs was 
continuously increased. The reaction forces were intro-
duced onto the concrete at a distance 1 1,15 hv from 
the stud (Fig. 2). 
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Fig. 1 : Dimensions of test specimen and headed studs 
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Cement PZ 35 F 200 kg/m 3 
: 188 kg/m 3 
16 nun : 1893 kg/m 3 
Water 
Aggregates 0 -
Grading curve 
1045 
between lines A 16 and B 16 after DIN 
a) Compos i ti on 
Compression strength (cylinders 
with h • 150 mm, d • 150 mm) 
Axial tension strength 
Modulus of elasticity 
Total crack formation energy 
b) Properties 
fc • 
f t • 
Ec • 
GF • 
22,9 N/mm' 
1 ,8 kLmm~ 
23500 N/mm' 
0,07 N/mm 
Table 1: Composition and properties of the concrete 
IEmbedment I Maximum Load at crack initiation 
depth I load Detection by 
I Sound emission Strain measure-
I analysis ments 
I 
mm I kN kN kN 
I 
130 I 97,2 not measured 19 
260 I 290,2 100 58 
520 I 885,2 175 159 
Table 2: Test results 
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F 
I 
StrCln measurement · 
A) perpendIcular, 
81 Circumferentia l, 
~ F/2 
or 
I 
~. 
I 8 n 
, 
~ c ",: 
C) paro llel t o the croc k surface 
/ ' 
I 
Fi g. 3: Strain measureme nts 
in the concrete 
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The cracKing- and deformation behavior in the interior 
of the concrete in the region of the expected failure 
cone was measured by special strain gages (Type PML of 
Tokyo SOKki Comp.). They were installed perpendicularly 
(A), circumferentially (8) and parallel (e) to the 
failure cone surface (Fig. 3). Length and position of 
the strain gages were chosen so that they crossed or 
were parallel to the expected crack in the interior of 
the concrete. The form of the failure cone was known by 
preliminary tests. The inclination between failure cone 
generatrice and concrete surface was 37,5° on the 
average. Moreover sound emission analysis was used to 
detect crack initiation and formation. 
Main test results are given in table 2. In Fig. 4 the 
observed load displacement relationships are plotted. 
Fig. 5 shows the strains measured along the surface of 
the later failure cone in direction A (perpendicular to 
the expected crack direction) for two load levels 
(F/Fmax = 0,3; 0,9). The figure is valid for an embed-
ment depth hv = 520 mm. 
It can clearly be seen that with increasing loads the 
area of great strain gradients is moving from the 
loaded region towards the concrete surface. This is an 
indication for a change in the bearing behavior due to 
crack formation. 
The stresses perpendicular to the crack surface were 
calculated from the measured strains. It was assumed 
that the measured strains EA in direction A (cf. 
Fig. 3) are given by addition of the elastic strain eel 
of the concrete and the strain due to crack opening w 
perpendicular to the crack surface related to the 
length 1M of the strain gages: 
286 
N
 
ex
> 
~
 
z ~
 
0 ~ -.I 
,
 •..
 
•
•
•
 ,
 I 
•
•
•
 
.
.
.
.
 
I 
/ 
I 
I 
'
/ 
III
.' 
V t,..-'
 
I 
••
 .0
 
2.
0 
'
.
0 
-
'
"
 
"
'
"
 t\.,
= 5
20
 m
n
 I 
V 
1'-
V 
.
/ 
I 
t\.,
=2
60
 m
m
 
.
.
.
.
.
.
.
.
.
, 
-
-
.
.
.
.
.
.
.
 
t\.,
=l
30
m
m
 
I 
I 
'
.
0 
1.
0 
,o
.a
 
'
1.
0 
'
4.
0 
"
.
0
 
'
1.
0 
11
.0
 
II
.'
 
I •
.
 ' 
Dl
SP
LA
CE
t-.£
NT
 
m
m
 
c
i
g
~
~
 
L
oa
d 
a
s
 
a 
fu
nc
ti
on
 o
f 
th
e 
o
bs
er
ve
d 
di
sp
la
ce
m
en
t 
o
f 
th
e 
a
n
c
ho
r 
r
e
la
ti
v
e 
to
 
th
e 
c
o
n
c
re
te
 
s
u
rf
ac
e 
o(w) w 
(1 ) 
Ec - modulus of elasticity of the concrete 
1M - measuring length of strain gage 
According to /4,5/ the transfer of normal stresses 
across the craCK can be expressed by 
( 2 ) 
f t - axial tensile strength 
GF - total crack formation energy 
w - crack width 
From equations (1) and (2) results a non-linear 
relation for the normal stress o(w) which can be solved 
i tera t1 vely. 
Fig. 6 shows the calculated distribution of tensile 
stresses along the failure cone surface. The effect of 
stress redistribution due to stable crack growth can 
clearly be seen by the shifting of the place of maximum 
tensile stress towards the concrete surface for increa-
sing loads. Stable crack growth was also confirmed by 
sound emission analysis. 
In Fig. 7 the ratio cracked surface to total surface of 
the failure cone is plotted as a function of the load 
on the anchor. The transition point between the cracked 
zone (cracking process zone) and the un cracked concrete 
has been assumed where the critical strain 
288 
-N
 
00
 
'"
 
IW
.I
 
0;
0 
f •
•
 U
Sk
N
 
U
I 
0)
6 
0,\
4 
,
f 
~p
j?
 
0,1
2 
0,1
0 
O.D
B 
fL
~ 
,0.
90
 
l~
 
0)1
4 
0/1
1 0 
fL~.l
INl .
"
"
 
\ 
.
"
'.
"
-.
..
 
.
.
.
.
.
.
.
 J.
J.
JJ
JJ
.J
.~
 
02
 
0,4
 
0.6
 
OJ
 
1,0
 
·
'
le
l.1
 
•
•
 
0 
•
 
•
 
•
 
•
 
•
 
~f 
I 
I 
,
 
I 
I 
I 
I 
I 
II
I) 
41
1) 
60
0 
Sl
ra
,. 
go
ug
" 
bo
ot
 
0 
60
1m
\ 
•
 
l2
0n
vn
 
Fi
g
-
S:
 
D
is
tr
lb
ut
lo
n 
o
f 
.
tr
a
in
s 
pe
rp
en
di
cu
la
r 
to
 
th
e 
fa
il
u
re
 
c
o
n
e
 
s
u
rf
ac
e 
.
111
111
1) 
,
 
2))
 ,6
,I
H
I_
1 t
 
1
1
1
+
-,
,-
1
. 
I 
-
,
,
\
-
f •
•
 1
85
 kN
 
u
i 
I 
I 
I 
t f
 
•
 
r' 
•
•
 )1
\ 
~ 
~i
 t
 I 
I 
\ ~
"E
g~
 
:1 
\ 
j 
\ 
~y;
 
J 
•
 
OJ
 
l~
 • 
'[ 
'v
-
fI
 f,
 •
 
0,9
0 
M~
N 
/'< 
f 
I 
f, 
•
 
0.
3
0
.
 
-
'-
"
-
.
 
.
'-
.
.
.
,
 
OJ
i 
I 
_
 
"
 
'-
-
o
 I 
J 
•
 
•
 
•
 
•
 
02
 
0,4
 
0.6
 
0,8
 
1,0
 
"
10
 H
 
F
ig
_
 
6:
 
D
ls
tr
ib
ut
io
n 
o
f 
te
n
si
le
 s
tr
e
ss
e
s 
pe
rp
en
~i
cu
la
r 
to
 
th
e 
fa
ll
u
re
 c
o
n
e
 
s
u
rf
ac
e 
100 
90 
8 
70 
6 
5 
4 
3 
2 
10 
0 
0 
0 
" v 
0 
0 
// ,.,,-: -. -
. 
;.- ' 
I .v 
,-
--- embedment depth 525 mm 
-
.. 260 mm 
_._. .. 130 mm 
, 
, 1 F a:37.S. /<\ 
~~ "~ ~.~ , ' -". 6> 
I I 
10 20 30 40 50 60 70 80 90 100 
cracked surface [0;' 1 
failure cone surface 0 
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of failure cone 
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E ~ 0,08 0/00 and thus the tensile strength has been 
reached. Due to the cone-shaped crack the ratio cracked 
surface/total cone surface is rather low even at maxi -
mum load - especially for headed studs with a large 
embedment depth hv = 520 mm. 
The component 1n direction of the applied tensile load 
of the normal stresses perpendicular to the failure 
cone (cf. Fig . 61 has been integrated over the total 
cone surface and the cracked surface respectively. 
Fig. 8 shows the calculated tensile forces related to 
the applied load as function of the loading. For loa-
dings higher than 50 % of the measured maximum load the 
calculated total tensile forces differ from the 
measured ones up to a maximum of 15 %. It can be con-
cluded, therefore, that in the investigated case shear 
stresses on the crack surface have only a negligible 
influence on the load transfer and that the surface 
energy required for crack formation in a so-called 
mixed - mode may be estimated by the material parameter 
GF · 
The ratio force transferred in the crack process zone 
to total load is decreasing with increasing embedment 
depth. This means that the bearing behavior of faste-
nings with great embedment depths can be approximated 
by linear fracture mechan1cs. 
13. 2. 3 Theo r e ti ca l Inve s tigations 
For the description of failure processes an energetiC 
model has been developed taking into account the energy 
and entropy balance of the speCimen /6/. The material 
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behavior is described by relations for the free energy 
and entropy production as a function of mechanical 
variables and their changes with time. The displacement 
field, the crack contour, the crack openings and the 
plastic strains are regarded as mechanical variables. 
For monotonic loading the crack 
the condition that the free 
deformation energy and surface 
mum . 
formation is defined by 
energy (sum of elastic 
energy) becomes a mini-
Fig. 9 shows the application of this fracture mechanics 
model on a headed stud embedded in concrete. For 
simplification only the formation of an axially symme-
trical, circumferential discrete crack is considered 
(Fig. 9a). The concrete in immediate vicinity of the 
crack is modelled as linear-elastic material (Fig. 9b). 
In a non linear fracture mechanics approach the crack 
formation is represented by the specific crack forma-
tion energy G(w) (Fig. 9c) which is the required energy 
per unit crack surface 
with the opening w. 
tensile strength f t 
From 
for the generation of a crack 
the function G(w) the axial 
and the total specific crack sur-
be derived (cf;- Hi llerberg /7 /) . face energy GF can 
From the variation of 
crack length and the 
the total free energy with the 
crack angle respectively the 
length of the crack and its contour may be obtained as 
function of the induced load (Fig . 9d). 
Due to reasons given in chapter 2 (cf. Fig. 7 and 8) 
for the speCial case of a large embedment depth the 
specific crack formation energy may be given using the 
linear fracture mechanics approach 
G(w) = GF ' W ~ 0 (3) 
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The relation between the induced force F and the crack 
length a is then given by 
F • (E • G )1/2. h 3/2 F v flaIlS) ( 4 ) 
lS - length of failure cone surface (see fig. 10) 
The function f(a/ls) depends on the crack length 
achieved on the crack contour. It is given in Fig . 10, 
which is valid for a "pointtl-load and a circumferential 
crack inclined 37,5 0 to the concrete surface as ob-
served in the experiments. It can be seen from Fig. 10 
that up to maximum load the crack growth is stable. For 
a relative crack length ailS ~ 0,45 the maximum load 
F = 2 1 • (E • G )1/2 . h 312 
max ' c F v ( 5 ) 
is reached. 
Fig. 11 shows the failure loads of headed studs em-
bedded in concrete, calculated by equation (5), as a 
function of the embedment depth. For comparison the 
maximum loads measured in the tests and the values cal-
culated by the empirical equation 18/ are given also. 
The agreement between theory and test results is suffi-
cient for practical purposes. 
13 .2. 4 Summa ry 
According to the experiments the behavior of headed 
studs embedded in a large concrete block and loaded in 
tension with the support reactions relatively far away 
from the anchor is controlled by stable growth of the 
circumferential failure crack up to maximum load. Just 
before reaching maximum load the area of cracked con-
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Fig. '1: Concrete cone failure load of headed studs as 
a function of embedment depth 
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crete is only some 25 , to 30 , of the whole surface of 
the fracture cone, which is mainly formed 1n the 
descending part of the 
large embedment depth 
loaddisplacement curve. 
(hv • 260 mm) the load 
For a 
trans-
ferred in the cracked area 1s relatively small compared 
to the total load. 
The behavior of concrete loaded in tension has been 
modelled by an energetic approach. In this model crack 
formation processes durinq monotonic loadinq are des-
cribed by the condition that the free energy (sum of 
elastic deformation energy and surface energy) becomes 
a mintmum. The specific surface energy G required for 
crack propagation depends on the crack width. From the 
functton G(w) the concrete tensile strength (for w • 0) 
and the GF-value may be derived. Concrete outside of 
discrete cracks is assumed as a linear elastic mate-
rial . 
Using the analytical model with the simplification 
G(w) • GF • canst. the observed crack formation and 
maximum loads of headed studs embedded 1n concrete 
could be predicted with sufficient accuracy for practi-
cal applications. According to the theoretical investi-
gattons the failure load of headed studs anchored in 
concrete depends on the material parameters Ec and GF 
and not - as usually assumed - on the tensile strength . 
The failure load increases proportionally to hv
3/ 2 
which corresponds to the experience made so far /8/. 
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